INTRODUCTION
Hematopoietic stem/progenitor cells (HSPCs) reside in specific niches that control their fate in the bone marrow (BM). Among many candidates for the niche (Wang and Wagers, 2011) , osteoblasts at the endosteal surface are well investigated (Arai et al., 2004; Calvi et al., 2003; Visnjic et al., 2004; Zhang et al., 2003) and are associated with granulocyte colony-stimulating factor (G-CSF)-induced HSPC mobilization (Christopher and Link, 2008; Katayama et al., 2006; Kawamori et al., 2010) . Niche function is maintained through a balance between a suppressive signal from the sympathetic nervous system (SNS) (Katayama et al., 2006; Mé ndez-Ferrer et al., 2008 ) and a supporting signal from the macrophages (Chow et al., 2011; Christopher et al., 2011; Winkler et al., 2010) . G-CSF increases sympathetic tone and eliminates endosteal macrophages, which leads to suppression of the osteoblastic niche through the dual negative regulations in the BM. However, the osteoblastic niche is located at the interface between the BM and bone, and regulatory signals from inside the bone are unknown.
Embedded in bone matrix are osteocytes, which are the most abundant cells and constitute more than 90% of all bone cells (Bonewald, 2011) . Osteocytes differentiate from osteoblasts, and they extend long cell processes that connect with neighboring osteocytes, as well as osteoblasts or cells lining the bone endosteal surface. Osteocytes have been shown to control the functions of osteoblasts and osteoclasts by integrating mechanical signals (Tatsumi et al., 2007) .
In this study, the role of bone-embedded osteocytes in the regulation of the endosteal niche was investigated. We found that osteocytes were essential for the mobilization of HSPCs in response to G-CSF.
RESULTS

Early Response of Osteocytes to G-CSF
In order to assess the influence of G-CSF on osteoblastic versus osteocytic functions, we analyzed the kinetics of gene expression while treating mice with G-CSF. Subcutaneous (s.c.) injection of G-CSF into wild-type (WT) mice was performed every 12 hr ( Figure 1A ). According to this schedule, the mobilization of HSPCs occurred from the fourth dose, was markedly increased by the sixth dose, and became robust by the eighth dose ( Figure 1B) . We analyzed the gene expression level of bone samples at the indicated doses of G-CSF. After the BM was flushed out, RNA was extracted from the femur and then analyzed. While the markers of osteoblasts, osteocalcin, type 1 collagen (Col1a1), and osteopontin started to decrease by the sixth dose during modest mobilization, the expression of osteocyte-specific genes, such as E11/gp38, phosphate regulating endopeptidase homolog X-linked (Phex), neuropeptide y (NPY), matrix extracellular phosphoglycoprotein (MEPE), and sclerostin (SOST), exhibited rapid suppression by the first or second dose when no mobilization was observed yet ( Figure 1C ). In order to assess the effect of G-CSF in osteoblasts and osteocytes separately, we digested long bones enzymatically according to the recent work by Stern et al. (2012) . Bone cells were isolated as osteoblast-or osteocyte-enriched fractions after one dose of G-CSF treatment. Early fractions (Fr1+2) expressed osteoblast markers, such as osteocalcin and Col1a1, and osteocyte gene expression increased as the digestion progressed. These results suggested that early fractions (Fr1+2) contained osteoblasts from the endosteal surface, and late fractions (Fr7+8 and Fr9+10) contained osteocytes embedded in mineralized bone ( Figure 1D ). Osteocyte-enriched fractions also expressed osteoblast markers, such as osteocalcin, Col1a1, and osteopontin, as , and osteopontin) and osteocyte markers (E11/ gp38, matrix extracellular phosphoglycoprotein [MEPE] , phosphate regulating endopeptidase homolog X-linked (Phex), sclerostin (SOST), neuropeptide y (NPY), and dentin matrix protein-1 [DMP-1]) in the femur after the indicated dose of G-CSF administration. Data were normalized to b-actin and pooled from two or three independent experiments. n = 6-9 mice per group. (D) RT-PCR analysis of osteoblastic and osteocytic markers in enzymatically isolated cells from long bones after one dose of G-CSF treatment. Data were normalized to b-actin and pooled from eight independent experiments. n = 8 per group. Data are represented as mean ± standard error of the mean (SEM). Fr, Fraction. See also Table S1. much as the osteoblast-enriched fraction. Interestingly, one dose of G-CSF treatment downregulated the osteocyte markers as well as the osteoblast markers, but only in the osteocyte-enriched fractions ( Figure 1D ). These data suggested that osteocytes responded earlier than osteoblasts to G-CSF with altered gene expression and raised the possible role of osteocytes as initiators of G-CSF-induced mobilization.
A marked change in the appearance of the osteocyte network was noted after eight doses of G-CSF (Figure 2A) . We observed the osteocytes in three different regions of the femur: cortical bone in the metaphysis, cortical bone in the diaphysis, and trabecular bone in the metaphysis ( Figure 2B ). The number and thickness of cellular processes that connect the osteocytes with endosteal osteoblasts were reduced ( Figure 2C ). These morphological changes were more prominent in the osteocytes near the endosteal surface, while the deeply embedded osteocytes were less affected ( Figures 2C and 2D ). Taken together with the results of gene expression, these data suggested that G-CSF administration induced functional and morphological changes in the osteocytes.
stimulates b 2 -adrenergic receptor (b 2 -AR) on osteoblasts, (3) b 2 -AR signal strongly suppresses osteoblast activity, and (4) HSPCs are released from suppressed osteoblasts (Katayama et al., 2006) . To explore whether adrenergic signal is involved in the changes in the osteocyte network triggered by G-CSF, we visualized sympathetic nerve endings in the endosteum. Tyrosine hydroxylase (TH) is a key enzyme that converts tyrosine to dopamine and norepinephrine in adrenergic neurons, which can be a useful marker to determine the distribution of adrenergic neurons in the BM and bone. We confirmed that . Osteocyte Projection Index is described in the Supplemental Experimental Procedures. The bar graphs show the Osteocyte Projection Index in different parts of the bone. The mean of three representative osteocytes in one field was calculated as one value. Three different areas from each part were analyzed. Data from three different mice were combined (n = 9). Scale bar indicates 5 mm. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SEM. P/B, PBS/BSA (vehicle).
TH-positive nerve fibers reached the endosteal bone surface ( Figure 3A) , and eight doses of G-CSF did not change their appearance (data not shown). Interestingly, osteocytes near the endosteum expressed b 2 -AR ( Figures 3B and 3C ). Of note, osteocyte processes that extended to the endosteal surface were positive for b 2 -AR (Figures 3D and S1A available online), which suggested that osteocytes could sense adrenergic signals through their processes.
To further explore whether the alteration in osteocyte gene expression caused by G-CSF is mediated by SNS, the gene expression in the bone of surgically sympathectomized mice was analyzed. We expected that gene alteration in osteocytes induced by G-CSF would be abolished in the denervated bone if osteocytes were affected by SNS signal during mobilization process. Sectioning of both femoral and sciatic nerves led to complete disruption of SNS in the tibia, and this procedure abolished the circadian rhythm regulated by SNS (Mé ndez-Ferrer et al., 2008) . We confirmed that TH-positive neurons in the BM were diminished after surgical denervation, which indicated a successful sympathetic nerve lesion ( Figure S1B ). The gene expression profile of osteocytes between the denervated tibiae (E) qRT-PCR analysis of the tibia following two doses of G-CSF after surgical denervation or contralateral sham operation (SHM, sham-operated bone; DEN, denervated bone). Data were normalized to b-actin and pooled from three independent experiments. n = 6-9. *p < 0.05; **p < 0.01. Data are represented as mean ± SEM. See also Figure S1 and Table S1. after the BM was flushed out and the contralateral sham-operated control side was then compared. As expected, two doses of G-CSF administration decreased gene expression of E11/gp38 and Phex significantly in the sham-operated bone ( Figure 3E ). Intriguingly, there was decreased expression of E11/gp38, Phex, and NPY after denervation, but G-CSF administration failed to further decrease the expression of these genes ( Figure 3E ). Although the denervation could cause the decrease in mechanical load due to ambulatory disturbance to some extent, these results suggested that osteocytic function could be regulated by the SNS. Similar results were observed in the osteoblast markers, namely osteocalcin and Col1a1 ( Figure S1C ); however, this could be due to the alteration in osteocytes because these osteoblastic genes were also expressed in osteocytes (Figure 1D ). These data suggested that osteocytic function was regulated through the SNS, and together with the increased sympathetic tone following G-CSF treatment, the results raised the possibility that osteocytes could mediate HSPC mobilization by G-CSF through a sympathetic tone.
Failure of G-CSF to Mobilize HSPCs in the Absence of Osteocytes
To directly address osteocytic involvement in G-CSF-induced HSPC mobilization, we utilized transgenic (Tg) mice in which inducible and specific ablation of osteocytes could be achieved through targeted expression of diphtheria toxin (DT) receptor (DTR) under a dentin matrix protein-1 (DMP-1) promoter. In this model, a single dose of DT injection caused ablation of osteocytes and disrupted their network ( Figure 4A ), which resulted in the generation of ''osteocyte-less (OL) mice'' (Tatsumi et al., 2007) . Strikingly, G-CSF-induced mobilization was severely impaired in OL mice ( Figures 4B-4D ) and in their stem cells as assessed by long-term competitive repopulation assay ( Figures  4E and 4F ). On the other hand, the number of HSPCs in the BM was normal in OL mice ( Figures 4G-4I ). These data indicated that G-CSF could not mobilize HSPCs in OL mice from the BM into the circulation. In addition, the number of progenitors in the spleen in the steady state was drastically decreased after osteocyte depletion ( Figure 4J ), which suggested that the physiological mobilization was also suppressed.
To assess the role of osteocytes for HSPC engraftment process, we tried to use OL mice as the recipient of BM transplantation. However, OL mice were so fragile that they died within a few days after irradiation. So instead, we analyzed the homing ability of WT colony forming progenitors into OL mice BM at 3 hr after intravenous transplantation. The results revealed that the homing of HSPCs in OL mice was not impaired ( Figure 4K ) despite their mobilization defect. These results suggested that osteocytes could specifically participate in the mechanism of HSPC egress from the BM.
Alteration of Osteoblast Morphology and Function by Osteocyte Ablation
We hypothesized that the mobilization defect in OL mice was due to an impairment of osteoblastic niche function, in light of the emerging concept that osteocytes communicate with endosteal osteoblasts through dendritic processes and regulate the function of osteoblasts (Taylor et al., 2007) . Histological examination of femoral bone at 11 days after DT administration revealed that endosteal osteoblasts flattened in OL mice ( Figures  4L and 4M ). The levels of osteocalcin mRNA in bone tissue and osteocalcin protein in plasma were dramatically decreased in OL mice ( Figures 4N and 4O ). In addition, immunofluorescence staining revealed that osteocalcin-positive osteoblasts were reduced in OL mice ( Figures 4P-4R ). In the DMP-1 DTR Tg mice, specific expression of DTR in osteocytes had been proven previously (Tatsumi et al., 2007) . It was also confirmed that osteoblasts were not ablated or subjected to any morphological changes at 2-3 days after DT administration when empty lacunae had already appeared ( Figures S2A and S2B) . The number of osteocalcin-positive osteoblasts in OL mice at 2-3 days after DT administration was comparable to that of WT control ( Figures S2C and S2D ). These data suggested that the changes in osteoblasts were secondary effects of osteocyte depletion rather than a direct effect of DT on osteoblasts.
Alteration of Microenvironment in BM by Osteocyte Ablation
It is well known that the expression of the chemokine CXCL12 in the BM is reduced at both protein and mRNA levels during G-CSF-induced mobilization. Thus, it is widely thought that its reduction is a key event for HSPC release from the BM to the circulation (Lé vesque et al., 2003; Petit et al., 2002) . Despite the severe defect in mobilization of HSPCs in OL mice, the protein level of CXCL12 in the BM extracellular fluid (BMEF) was decreased after G-CSF administration to the same extent as it was in WT mice ( Figure 5A ). The expression of cxcl12 mRNA in the BM and bone after G-CSF was also downregulated to the same level as in WT mice ( Figures 5B and 5C ). Furthermore, a CXCR4 antagonist, AMD3100, induced rapid mobilization of mature leukocytes and progenitors in OL mice as in WT mice ( Figures 5D and 5E ), which indicated that the CXCL12/CXCR4 axis was functional in the absence of osteocytes. These data suggested that the reduction of CXCL12 in the BM would not be sufficient for the regulation of G-CSF-induced mobilization by osteocytes.
Intriguingly, the expression level of cxcl12 was increased in both the BM and bone by osteocyte ablation itself ( Figures 5B  and 5C ). The magnitude of increase was greater in the BM than in the bone sample. To test whether this increase of cxcl12 represented the alteration of niche function, we analyzed the cell cycle status of stem cells in OL mice. We found that osteocyte depletion induced quiescence of CD34-lineage-Sca1+c-kit+ (CD34-LSK) cells ( Figures 5F and 5G ). These results suggested that osteocyte ablation altered the microenvironment in the BM and augmented the HSC function.
Because osteocytes extend dendritic processes into the marrow space near the endosteal surface (Kamioka et al., 2001) , it is possible that osteocytes communicate with several cell types in the marrow. We tested whether the microenvironmental change after the ablation of osteocytes could be associated with SNS. However, it was unlikely because TH staining showed no alteration in OL mouse BM (data not shown). Recently, it has been reported that specific-tissue resident macrophages located in the endosteum have a pivotal role in supporting the endosteal niche. These macrophages, so called osteomacs (OMs), are intercalated throughout bone-forming osteoblasts, stretch their cell bodies over osteoblasts to form a canopy, and support osteoblast function (Chang et al., 2008) . The depletion of osteomacs in vivo leads to the disappearance of osteoblasts and the mobilization of HSPCs, which suggests their indispensable role for the endosteal niche (Winkler et al., 2010) . To assess the involvement of these osteomacs in osteocyte-mediated niche regulation, the F4/80-positive macrophages in the endosteum of OL mice were analyzed. We confirmed by RT-PCR that F4/80-positive macrophages in BM expressed neither DMP-1 nor DTR transgene ( Figure 5H) . Following DT treatment, osteomacs disappeared from the endosteum in Tg mice (Figures 5I-5K ). Despite the loss of osteomacs, HSPC mobilization was not observed in the peripheral blood or in the spleen ( Figures 4C and 4J) , which suggested that suppression of osteomacs mediated by osteocyte depletion was not sufficient for HSPC mobilization. These findings raised the possibility that osteocytes could be associated with osteomacs as one of the multiple regulatory pathways to control osteoblastic function.
Disruption of Osteocyte Network and Impaired Mobilization in Klotho Mice
Since osteocyte projections were affected by G-CSF treatment (Figures 2A and 2C ) and osteocyte-deleted mice had a severe mobilization defect ( Figures 4B-4F) , we hypothesized that the osteocyte network could be indispensable for HSPC mobilization. To test this hypothesis, we searched for another model with disrupted osteocyte network. Since klotho hypomorphic (kl/kl) mice had been reported to show osteoporosis with altered distribution of osteocytes (Kuro-o et al., 1997; Suzuki et al., (legend continued on next page)
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Niche Regulation by Osteocytes 2005), we thoroughly evaluated the osteocyte network, including the processes. Interestingly, we found that the osteocyte network of kl/kl mice in steady state was completely disrupted ( Figure 6A ) and resembled that of OL mice ( Figure 4A ). Strikingly, G-CSF-induced HSPC mobilization was severely impaired in kl/kl mice, whereas the number of progenitors in the BM was comparable to that of WT mice (Figures 6B-6G ). These data further suggested that the integrity of the osteocyte network could be important for niche regulation.
DISCUSSION New Player in Endosteal Niche Regulation
In the current study, we demonstrate that the most mature osteo-lineage cell, the osteocyte, is an important regulator of the endosteal HSPC niche. Figure 6H summarizes the possible communication of multiple players. In light of the findings that ablation of osteocytes leads to dysfunction of osteoblasts (Figures 4L-4R ) and disappearance of osteomacs ( Figures 5H-5K) , it is plausible that osteocytes may send supporting signals directly to the endosteal niche and indirectly to the macrophages via a maintenance signal ( Figure 6H , left panel). These supporting signals for the endosteal niche may balance with a negative signal from the SNS in steady state to maintain homeostasis.
In the process of mobilization, G-CSF tips this balance by (1) direct suppression of osteoblasts by increased sympathetic tone (Katayama et al., 2006; Kawamori et al., 2010) and (2) suppression of macrophages (Christopher et al., 2011; Winkler et al., 2010) . Now, this study uncovered a the third major pathway: suppression of osteocytes in the bone through an increased sympathetic tone. Thus, according to our view, G-CSF mobilizes HSPCs by inducing triple negative effects on the endosteal niche, thereby leading to its collapse ( Figure 6H , right panel). Our findings further support the concept of ''brain-bone-blood triad'' (Spiegel et al., 2008) with the bone as a pivotal hinge for the regulation of niche function.
Regulation of Hematopoiesis by Osteocytes
The best known function of osteocytes is mechanosensation. Recently, an osteocyte ablation model has provided in vivo evidence that osteocytes sense loading to the skeleton and orchestrate bone remodeling by controlling both osteoblasts and osteoclasts (Tatsumi et al., 2007) . Unloading bone, as seen in long-term bedridden patients or astronauts during space flight, causes a rapid loss of bone mass, which indicates that the mechanical strain is indispensable for skeletal integrity. Furthermore, it has been reported that microgravity leads to the dysfunction of the immune system (Crucian and Sams, 2009 ). These changes in hematopoietic cells under microgravity are thought to be intrinsic to cells. However, extrinsic signals from the hematopoietic microenvironment should be considered now that we have demonstrated that mechanosensory osteocytes regulate the function of the HSPC niche.
The exact mechanism how osteocytes regulate the HSPC niche is still unclear. Osteocytes produce anabolic signals, such as prostaglandin E2, nitric oxide, and adenosine triphosphate, that keep osteoblasts active in response to mechanical stress in vitro (Genetos et al., 2007; Klein-Nulend et al., 1995) . Osteocytes also regulate osteoblast behavior secreting Wnt inhibitors, such as sclerostin and Dickkopf1 (Bonewald and Johnson, 2008) . Recently, Sugimura et al. (2012) reported the switch of Wnt pathway in the osteoblastic niche from noncanonical to canonical signaling under stress. Wnt pathway between the HSC and osteoblastic niches might be influenced by osteocytes through secreted factors or direct contact with their projections. A few studies have attempted to show the role of osteocytes in hematopoiesis. Calvi et al. (2003) reported that the activation of parathyroid hormone receptor signaling led to the expansion of osteoblasts and HSCs (Adams et al., 2007) . They tried to recapitulate this effect activating this signaling only in osteocytes, but no HSC expansion was observed (Calvi et al., 2012) . Fulzele et al. (2013) showed that osteocytes produced hematopoietic cytokines, such as G-CSF, at a certain level in steady state, and the deletion of Gsa specifically in osteocytes greatly enhanced this production, which led to the expansion of myeloid-committed cells, but not HSPCs, in the BM. Although the exact signaling pathways from osteocytes to osteoblastic niches remain to be elucidated, our present study demonstrates that G-CSF may suppress these signals in association with the reduction of osteocyte projections to osteoblasts. Osteocytes regulate osteoblastic activity through gap junctional intercellular communication during stimulation by mechanical load. A recent study showed that conditional deletion of connexin-43 (Cx43), the main gap junctional protein in the osteolineage cells, led to dysfunction of osteoblasts and mobilization defect by G-CSF (Gonzalez-Nieto et al., 2012) . Considering our findings, it is possible that this might be due to the disruption of functional communication between osteocytes and osteoblasts.
Alteration of Bone Metabolism and Impaired G-CSF-Induced HSPC Mobilization
The reduction of CXCL12, a potent retention factor of HSPCs in the BM, has been proposed to be a main pathway that regulates . Osteocalcin-positive cell number per mm bone surface (ObN/BS) is shown in (R). Analysis was done on three different areas of the metaphysis per mouse. Three mice per group were analyzed. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SEM. See also Figure S2 and Table S1 . et al., 2002) . In the present study, however, osteocyte-ablated mice showed a severe mobilization defect despite the prompt reduction of CXCL12 in the BM. In addition, we have previously demonstrated that both UDP-galactose ceramide galactosyltransferase-deficient (Cgt Table S1. despite the prompt CXCL12 reduction in the BM. A common feature among these three models of mobilization defect was the alteration or dysfunction of osteoblasts with normal numbers of HSPCs in the BM. First, in Cgt À/À mice, osteoblasts were altered morphologically and functionally; they were flattened and serum osteocalcin level was low in steady state, probably due to the neuronal abnormality. Second, Vdr À/À showed lack of osteoblastic niche suppression by G-CSF-induced catecholaminergic signal. Third, osteocyte depletion led to morphologic and functional alteration in the osteoblasts in the current study. In addition, a recent study showed that selective deletion of osteoblasts caused impairment of G-CSFinduced HSPC mobilization (Ferraro et al., 2011) . According to these data, we speculate that a rapid collapse of intact osteoblasts, perhaps together with macrophages, would be needed for G-CSF-induced HSPC mobilization. Furthermore, subacute or chronic osteoblast alteration may lead to the induction of strong anchor proteins other than CXCL12 or the compensatory support by other niche cells. Further studies are necessary to clarify the exact mechanism.
Possible Association of Osteocytes with Various Types of Niche Cells in BM Recent vigorous investigations have revealed, in addition to endosteal osteoblasts, the existence of a perivascular niche (Ding et al., 2012; Mé ndez-Ferrer et al., 2010; Omatsu et al., 2010; Yamazaki et al., 2011) . Since the perivascular niche cells of mesenchymal origin, such as CXCL12-abundant reticular cells (Omatsu et al., 2010) and nestin-positive mesenchymal stem cells (Mé ndez-Ferrer et al., 2010) , can give rise to osteoblasts, there might be intermediate cells that differentiate from perivascular niche to osteoblasts and connect with each other throughout the BM. Our study expanded this mesenchymal syncytium as a regulatory network for niche function with the bone tissue. Given the fact that osteocyte depletion led to the increase of cxcl12 expression in the BM, which could be possibly associated with increased quiescence in HSCs ( Figures 5B and 5G) , osteocytes could have a modulating effect not only on the osteoblasts but also on the perivascular niche cells.
More than a decade ago, Marotti (2000) proposed a novel signal transmission model linking three types of cells of osteogenic lineage (stromal cells, osteoblasts or bone-lining cells, and osteocytes) wherein all cells were connected not only through volume transmission (paracrine and autocrine stimulations) but also by wiring transmission (cytoplasmic direct contact). According to this concept, three osteogenic lineage cell types communicate from inside the bone to the vasculature in central BM, which implies that certain signals imposed on the skeletal system are spread immediately from calcified bone to soft BM and vice versa. In view of our findings on the function of osteocytes as a niche regulator, as well as other studies on osteoblastic and perivascular niches, the wiring transmission system may constitute a continuous syncytium of niche cells throughout the skeleton that contains the BM as a part of it.
EXPERIMENTAL PROCEDURES Animals C57BL/6J and kl/kl mice were purchased from Japan CLEA (Chiba), and C57BL/6-CD45.1 congenic mice were purchased from The Jackson Laboratory (Bar Harbor). DMP-1 DTR Tg mice were generated as described previously (Tatsumi et al., 2007) , and all experiments were carried out using littermates. Animals were maintained under specific pathogen-free conditions and on 12 hr light/12 hr darkness cycles. Peripheral blood collection was carried out by retro-orbital sinus bleeding with heparinized microcapillary tube under deep anesthesia. DT (Sigma-Aldrich) was administered intraperitoneally at 50 mg/kg to 6.5-to 8.5-week-old DMP-1 DTR Tg or littermate WT mice. In any mobilization protocol, samples were harvested and assayed at 11 days after DT injection. All experimental procedures were approved by the Animal Care and Use Committee of Kobe University and Okayama University.
Mobilization of HSPCs
Mobilization of HSPCs was induced as described previously (Kawamori et al., 2010) . Briefly, mice were injected with recombinant human G-CSF (Filgrastim, Kyowa Kirin, 250 mg/kg/day every 12 hr in eight divided doses unless otherwise indicated, s.c.) in phosphate buffered saline (PBS) supplemented with 0.1% bovine serum albumin (BSA) and were bred 3 hr after the last dose of G-CSF. AMD3100 (Sigma-Aldrich, 5 mg/kg, s.c.) in PBS was administered and mice were bred at 1 hr following the injection.
The number of colony-forming units in culture (CFU-Cs) in the peripheral blood, BM, and spleen was assessed as previously described (Kawamori et al., 2010) . Stem cell activities of blood mobilized by G-CSF were assessed by long-term competitive reconstitution as described previously (Kawamori et al., 2010) . Briefly, 150 ml of mobilized blood was mixed with 2 3 10 5 BM nucleated cells from CD45.1 competitor donor and were together injected via the tail vein into lethally irradiated (14Gy, two split doses) CD45.1 recipient mice. The proportion of peripheral blood leukocytes bearing CD45.1 or CD45.2 antigen was determined by flow cytometry monthly after transplantation. The repopulating units (RUs) were calculated using the following standard formula: RU = %(C) / (100 À %), where percentage is the measured percentage of donor cells (CD45.2+ cells derived from mobilized blood) and C is the number of competitor marrow cells per 10 5 .
Bone Cell Isolation from Long Bones
Bone cell isolation was performed according to the report by Stern et al. (2012) . Briefly, long bones (bilateral femora, tibias, and humeri) were isolated from one dose of vehicle-or G-CSF-(125 mg/kg/dose, s.c.) treated C57BL/6J (8-to 9-week-old male) mice 3 hr after the treatment. The bones from four or five mice per group were pooled together and treated as one sample. The epiphysis of the femurs, tibias, and humeri were removed, the BM was flushed out with a-minimal essential medium (a-MEM), and the periosteum was mechanically removed using a scalpel. The bones that were cut into small pieces were enzymatically digested three times (25 min each) with 2.5 mg/ml typeIA collagenase (Sigma-Aldrich) dissolved in a-MEM. These fractions (Fr) were collected as Fr1 to Fr3. Thereafter, the bone pieces were digested with collagenase solution or 5 mM ethylenediaminetetraacetic acid tetrasodium salt dehydrate (Sigma-Aldrich) solution alternately into 10 fractions. Following each digestion, the digest solution was removed and set aside, bone pieces were rinsed with Hank's balanced salt solution (HBSS) three times, and each rinsate was mixed with the digest solution. The cells in Fr1 and 2, Fr3 and 4, Fr5 and 6, Fr7 and 8, and Fr9 and 10 were combined into one sample and then analyzed.
Statistical Analysis
All values were reported as mean ± SEM. Statistical significance was assessed by Student's t test for two unpaired groups. Statistical significance was expressed as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. 
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